(؊)؊Epicatechin gallate (ECg) and (؊)؊epigallocatechin gallate (EGCg) reduce oxacillin resistance in mecA-containing strains of Staphylococcus aureus. Their binding to staphylococcal cells is enhanced by the nongalloyl analogues (؊)؊epicatechin (EC) and (؊)؊epigallocatechin (EGC). EC and EGC significantly increased the capacity of ECg and EGCg to reduce levels of staphylococcal oxacillin resistance.
Extracts of leaves from the tea plant Camellia sinensis have only weak antibacterial properties, although some polyphenolic constituents of tea extracts have the capacity to sensitize strains of methicillin-resistant Staphylococcus aureus to methicillin, oxacillin, and other ␤-lactam antibiotics (5, 12, 13) . For example, moderate concentrations (6.25 to 25 g/ml) of galloyl catechins such as (Ϫ)Ϫepicatechin gallate (ECg), (Ϫ)Ϫepigal-locatechin gallate (EGCg), and (Ϫ)Ϫcatechin gallate (Cg) are able to reduce the MIC of ␤-lactams from high levels of resistance (Ͼ256 g/ml) to below the antibiotic breakpoint (12, 14) . Nongalloylated catechins such as (Ϫ)Ϫepicatechin (EC) and (Ϫ)Ϫepigallocatechin (EGC) are unable to effect this transition (12) . The mechanism of catechin gallate-mediated ␤-lactam resistance modulation is at present unclear, although there is some evidence that EGCg may bind to peptidoglycan and induce ␤-lactam susceptibility by interference with cell wall integrity (14) . Structures of key catechins are shown in Fig. 1 .
The concentrations of ECg and EGCg needed to produce these in vitro effects are relatively high. EGCg has successfully undergone phase I (human safety) trials (4), and studies are under way to evaluate its efficacy in chronic lymphocytic leukemia. Although these activities are creating a precedent for therapeutic interventions with naturally occurring polyphenols, it is clear that the potential of catechins as antibiotic resistance-modifying agents would be significantly increased if their potency could be improved through synthesis by increasing stability (1) or by enhancing interactions with cellular targets (2) . Evidence that nanomole concentrations of catechins are able to modulate the structure and function of model membranes through their capacity to partition into the phospholipid palisade is emerging (6) . Galloylated catechins are able to penetrate deeper into phosphatidylcholine and phosphatidylethanolamine bilayers than their nongalloylated analogues; ECg occupies a deeper location than EGCg, and EC and EGC localize at a shallow location close to the phospholipid-water interface (3). These differences in membrane penetration parallel the extent to which these molecules modify staphylococcal ␤-lactam resistance. Interestingly, the quantities of ECg and EGCg that are incorporated into lipid bilayers are markedly increased in the presence of EC (8) , raising the possibility that the reduction in the level of staphylococcal ␤-lactam resistance induced by catechin gallates could be potentiated by nongalloylated catechins.
Phospholipid composition and polar head group charge density have a significant impact on catechin binding (8), and S. aureus membranes are uniquely composed of phosphatidylglycerol (63 to 74%), lysylphosphatidylglycerol (17 to 22%), and cardiolipin (5 to 15%) (10, 11) . We therefore determined the extent to which nongalloylated catechins enhance ECg binding to S. aureus by using the high-performance liquid chromatography assay described previously by Kajiya et al. (7) . EC, EGC, ECg, and EGCg were provided by the Tokyo Food Techno Co. Ltd., Tokyo, Japan; these compounds were purified from green tea extracts. S. aureus BB568 is a constitutive PBP2a producer (provided by B. Berger-Bächi, University of Zürich), and EMRSA-15 and EMRSA-16 are clinical isolates from the Royal Free Hospital, London, United Kingdom. Binding of ECg to mid-exponential-phase EMRSA-16 cells was enhanced by EC; at concentrations of 25 g/ml, 13% of the EC pool bound after 20 min of incubation at 35°C, and 22% of ECg was associated with the cells. In the presence of EC, ECg binding rose to 41%. EC binding was also enhanced by the presence of ECg (35.5%). EC appears, therefore, to facilitate ECg binding to staphylococcal cells as well as to phosphatidylcholine and phosphatidylethanolamine liposomes.
To investigate whether this cooperative binding elicited en-hanced biological activity, the capacity of EC and EGC to increase the degree of sensitization of S. aureus to oxacillin was determined. Checkerboard MIC assays were performed in 96-well microtiter trays with an inoculum of about We determined the effect of EC, EGC, and EGCg on the sensitization by ECg of EMRSA-16, EMRSA-15, and BB568 to oxacillin (Table 1 antistaphylococcal activity, with MICs ranging from 64 to 512 g/ml. An ECg concentration of 12.5 g/ml reduced the oxacillin MIC for S. aureus BB568 and EMRSA-16 to below the oxacillin breakpoint; a similar effect was achieved for EMRSA-15 with the lower concentration of 3.12 g/ml ( Table  1 ). The nongalloylated catechins EC and EGC were unable to reduce the MIC of oxacillin for these isolates. However, these compounds markedly enhanced the reduction of oxacillin resistance by ECg. A concentration of 3.12 g/ml of ECg reduced the MICs to 64 and 128 g/ml for BB568 and EMRSA-16, respectively. In combination with 6.25 g/ml of EC, oxacillin susceptibility increased to 8 g/ml for these isolates; increasing the EC concentration to 25 g/ml produced values of 2 g/ml in the presence of 3.12 g/ml of ECg (Table 1) . Similar reductions were observed when EGC was used in combination with ECg. FIC indices indicated strong synergy between oxacillin, ECg, and either EC or EGC against all three S. aureus isolates (Table 1) . At high concentrations, a combination of ECg (Ն12.5 g/ml) with both EC and EGC (Ն50 g/ml) inhibited the growth of EMRSA-16 in the absence of oxacillin. The enhancement by EC and EGC of ECg-mediated sensitization to oxacillin was clearly concentration dependent, as illustrated by the three-dimensional representation shown in Fig. 2 , for the effect of ECg and EC on oxacillin MICs for EMRSA-16. The galloylated catechin EGCg was significantly less effective at reducing the MIC for oxacillin in the presence of ECg. For example, with 3.12 g/ml of ECg, 25 g/ml of EGCg reduced the MIC only twofold (Table 1) . At the higher ECg concentration of 12.5 g/ml, EGCg compromised the capacity of ECg to reduce the MICs for strains BB568 and EMRSA-16. EGCg was also able to sensitize BB568, EMRSA-16, and EMRSA-15 to oxacillin (Table 2 ), but the effect was much less pronounced than that associated with ECg. Both EC and EGC could enhance EGCg-mediated sensitization (Table  2 ), but the effect was correspondingly less in comparison to EC/EGC-ECG-oxacillin combinations. ECg elicited only a small (one dilution step) reduction in the oxacillin susceptibility of methicillin-sensitive S. aureus strain ATCC 29213. The capacity of nongalloylated catechins such as EC and EGC to enhance the oxacillin susceptibility of methicillin-resistant S. aureus strains by the galloyl catechins ECg and EGCg supports the notion that the staphylococcal cytoplasmic membrane is the primary bacterial target for these bioactive molecules. We predicted that increased ECg membrane binding in the presence of EC or EGC would be reflected in a higher degree of sensitization to oxacillin, and this was found to be the case. As catechins do not enter cells (3, 7) , it is likely that they modulate ␤-lactam resistance in S. aureus by alteration of the biophysical properties of the membrane, compromising the function of proteins associated with the bilayer and affecting transport of materials across the membrane.
This study highlights the cooperative nature of the interactions between galloylated and nongalloylated catechins with regard to their membrane-associated biological effects. The capacity of structurally related compounds to act synergistically on bacterial cells is established, and the combination of amoxicillin and clavulanate (as well as quinupristin and dalfopristin) provides an example of the therapeutic potential of such combinations. This pairing is effective because clavulanate inhibits the ␤-lactamase that would otherwise inactivate amoxicillin. Previous studies have shown that the gallate group is essential for epicatechin gallate activity (12) ; it is attached to the catechin moiety via an ester linkage that has the potential for cleavage by bacterial esterases (9) . However, as EC and EGC lack the gallate group, it is unlikely that they act as esterase inhibitors. In addition, esterase-stable derivatives of ECg have similar activities when used in combination with oxacillin against S. aureus, suggesting that esterase activity does not lead to the inactivation of the compounds in vitro (1) . Other forms of inactivation, particularly modification to the catechin moiety, where EC and EGC could act as potential inhibitors, cannot be ruled out.
